In China, the introduction of South American sailfin catfishes of the genus Pterygoplichthys are a concern due to the potential risks they pose to native species and ecosystems. The present study reports on the distribution, establishment and maturity of a Pterygoplichthys spp. hybrid swarm in Guangdong Province, China. Distribution data demonstrated that Pterygoplichthys spp. were widespread in Guangdong Province, whereas only a few records were found in other parts of the country. The presence of mature Pterygoplichthys spp. females indicated established self-sustaining populations in most drainages in the study region. While variation in size at maturity and condition was observed among populations established in different drainages, Pterygoplichthys spp. in Guangdong Province appeared to mature at a smaller size than in other non-native ranges. National-level legislation with which to prevent and/or mitigate the release of other non-native fishes into the wild is recommended.
Introduction
Numerous fish species have been introduced worldwide following expansion of the global trade in the pet and food industry, with biological invasions being an unintentional outcome of such practices (Gozlan et al. 2010 ). Native to South America, members of the family Loricariidae, including those of the genus Pterygoplichthys (common names include: sailfin catfishes, plecos, armoured catfishes or janitor fish), have been introduced around the world for use in aquaculture and/or the aquarium (pet) fish trade (Liang et al. 2006; Zięba et al. 2010; Nico et al. 2012; Moroni et al. 2015) . Following their escape from rearing facilities and/or release by pet fish owners, Pterygoplichthys pardalis (Castelnau, 1855) , Pterygoplichthys disjunctivus (Weber, 1991) and/or their hybrids have become invasive in North America (e.g. Fuller et al. 1999; Rueda-Jasso et al. 2013) , South Africa (Jones et al. 2013 ) and in various parts of Asia (Ishikawa and Tachihara 2014; Jumawan and Herrera 2014; Bijukumar et al. 2015) . The adverse effects of Pterygoplichthys spp. associated with these invasions include alteration of ecosystem nutrient dynamics, competition with native species and economic losses to fisheries (Chavez et al. 2006; Pound et al. 2011; Capps and Flecker 2013) .
The invasion biology of Pterygoplichthys spp., which have been included in the list of invasive taxa, has received little scientific study in China. Pterygoplichthys spp. are popular aquarium fish commonly used to control algae in tanks, and were first imported into Guangdong Province in the 1990s (Li et al. 2007 ). They have been spread via the aquarium trade throughout the country and have probably been present in the wild since the year 2000 (Li et al. 2013) . South China, and especially Guangdong Province, provides a suitable environment for Pterygoplichthys spp. invasion. This region is characterised by a sub-tropical monsoon climate with mean winter temperature of 13.3 °C, mean summer temperature of 28.5 °C and mean annual rainfall of 1300-2500 mm mainly between April and September (Guangdong Meteorological Service 2013). Similar to the state of Florida in the USA (Lawson et al. 2013 ), Guangdong Province is likely to be at high risk of being invaded by non-native fishes due to its relatively benign climate, abundance of water courses, a flourishing ornamental fish trade, an extensive sea port, and very high human population densities (Gibbs et al. 2008) .
In recent years, local fishermen have frequently caught Pterygoplichthys spp. and noticed a corresponding decline in catches of economically important taxa such as shrimps (H. Wei pers. obs). For this reason, a better understanding of the distribution, establishment and life-history traits of Pterygoplichthys spp. is needed to inform national management strategies for non-native species (cf. Sax and Brown 2000; Hulme 2006 ). The aims of the present study were to: 1) assess the invasion status of Pterygoplichthys spp. in Guangdong Province; and 2) investigate whether life-history traits of Pterygoplichthys spp. vary across their non-native ranges.
Methods
Data on the distribution of Pterygoplichthys spp. in China and on their environmental biology in their native and introduced ranges were obtained from a review of the peer-reviewed and "grey" literature (i.e. reports, internet resources, field surveys) as well as from interviews with local fishery managers and fishermen. These data were complemented by fieldsurvey data collected during summer and early autumn of 2014 and 2015 from 19 locations within six study areas of Guangdong Province: the Beijiang, Dongjiang, Jianjiang, Rongjiang and Xijiang river drainages and the Pearl River Delta (Figure 1 , Supplementary material Table S1 ).
Fish samples were collected by local fishermen, mainly using gill nets (mesh size 50-100 mm) and shrimp pots, which were deployed at sampling locations for at least 4 h. Three fishermen operated at each sampling location, and the percentage of Pterygoplichthys spp. in each catch (relative to all fish captured) Table S1 for coordinates). Major river courses are shown in blue, borders of provinces delineated by black lines.
for each boat was evaluated immediately after capture. In total, 1257 specimens were sampled across the six study areas. All fish were brought back to the laboratory where they were taxonomically classified based on the number of dorsal fin rays and on the colour pattern of the ventral region (Armbruster and Page 2006; Jumawan et al. 2011; Wu et al. 2011; Nico et al. 2012; Jones et al. 2013) and measured for standard length (SL) and total length (TL) to the nearest 1 mm and for body mass (M t ) to the nearest 0.01 g. Specimens were then dissected to remove their gonads, which were weighed (M g ) to the nearest 0.01 g and visually categorised by gender and maturity stage (after Gibbs et al. 2008) .
Mean SL at maturity (SL M ) was calculated from the percentage of mature females and males in each 10 mm SL class interval using the Trippel and Harvey (1987) modified version of DeMaster's (1978) formula (after Fox and Crivelli 2001) . Published data on Pterygoplichthys spp. included female SL at first maturity (in mm), minimum and maximum SL (in mm), introduction history, sampling gear used and time of sampling. These data were collected to examine whether maturity of Pterygoplichthys spp. varied across their introduced range. When TL was given in a study, it was converted to SL using the relationship between TL and SL obtained in the present study. Note that in the course of sampling, mature males and females included both individuals that would be able to produce eggs or sperm and individuals that had achieved reproductive maturity (but with quiescent gonads). The paired two-tailed Students' t-test was Table 1 . Total number of Pterygoplichthys spp. specimens, juveniles, males and females, with indication of the number of mature (Mat.) individuals and minimum (Min) and maximum (Max) standard length (SL, mm) of mature specimens (by sex), sex ratio (females : males) and their mean SL at maturity (SL M ) sampled across six drainages of Guangdong Province (south China).
Males
Females employed to examine the differences of SL M between males and females. Spatial variation in sex ratios was examined using the Chi-square ( 2 ) test. The relationship between SL and TL was assessed using simple regression analysis. Growth patterns were evaluated based on the length-weight relationship M t = aSL b , where a and b are growth parameters, and with the value of the slope parameter b (all specimens combined) used as a measure of generalised condition (Pitcher and Hart 1992) , which is effectively an estimator of "plumpness" (e.g. Cassani and Caton 1986; Springer and Murphy 1990; Copp and Mann 1993) , for each drainage separately. Data analyses were performed with SAS v. 8.1 (SAS Institute Inc., Cary, NC, USA).
Gonado-somatic index (I G ) in females was calculated using the formula I G = 100  (M g  M t -1 ) after Gibbs et al. (2008) , and females were defined as "mature" whenever yolky oocytes were present, the ovarian wall was transparent and I G  1. Relationships between I G and SL were assessed across drainages (except for Beijiang, where n = 1) by linear mixed effects (LME) modelling (Bates 2010 ). In the model, I G (log-transformed to stabilise variance) was the response variable, SL the fixed effect (covariate), and drainage the random effect. The resulting random intercept model (fitted under the assumption that I G varies depending on SL though at the same rate across drainages) was as follows:
where the term outside the parentheses is the fixed effect, and the one inside is the random effect. Note that a model also was preliminarily fitted with both a random intercept and slope, i.e. under the assumption that I G would vary not only depending on SL but also at different rates across drainages, but no convergence was achieved. The statistical significance of the model was then tested relative to a "null" model (i.e. no random effects) to see whether inclusion of a random intercept was justified. Fitting of the LME model was in R with the package "lme4" (Bates et al. 2014) , and the AIC-based comparison between the random effect and the null model was with the package "bbmle" (Ben Bolker and R Development Core Team 2014).
Results
Pterygoplichthys spp. were present at multiple locations throughout southern China, whereas only a few records were available for the other parts of the country (Figure 2) . In Guangdong Province, the contribution of Pterygoplichthys spp. to catch composition was 31.7% in both the Rongjiang and Jianjiang drainages, 20% in the Dongjiang, 10.8% in the Pearl River Delta, 0.3% in the Xijiang and <0.01% in the Beijiang drainage. Identification to species level was difficult. The number of dorsal fin rays ranged from 11 to 13 and most of the specimens had 12. Three types of colour pattern on the abdomen of the specimens were identified: 1) discrete ventral spots, 2) ventral vermiculation, and 3) intermediate forms between the former two types. Specimens could be identified as either P. pardalis (6.2%), P. disjunctivus (17.8%) or as P. pardalis × P. disjunctivus hybrids (76%). This identification was consistent with morphological analyses on invasive Pterygoplichthys populations elsewhere (e.g. Wu et al. 2011; Nico et al. 2012; Jones et al. 2013) , and indicates that invasions in China are most likely the result of a hybrid swarm of P. pardalis×P. disjunctivus. As genetic analysis was not conducted in the current study, the populations of the study organism are hereafter referred to as Pterygoplichthys spp.
There was considerable variation in minimum and maximum SL for both juveniles (27-120 mm SL) and mature individuals ( Table 1 ). The overall relationship of TL vs. SL (all specimens from all drainages) was TL = 21.657 + 1.253SL (r 2 = 0.979, F 1,1256 = 58063.96, P < 0.001). Mean SL at maturity of females was slightly smaller (mean ± SE: 228.20 ± 9.36 mm) than in males (mean ± SE: 238.60 ± 10.49 mm), with the shortest female SL M occurring in Rongjiang and the shortest male in Dongjiang, although this difference was not statistically significant (paired two-tailed Students' t = 0.76, P = 0.45). Pterygoplichthys spp. were capable of spawning in all sampled drainages (I G  1) except for Beijiang (I G = 0.259). Sex ratios were female-biased in most drainages and differed significantly amongst drainages ( 2 = 40.25, df = 5, P < 0.01), with the highest ratio found in Xijiang (Table 1) . Size at first maturity ranged from 150 to 223 mm SL for females and from 160 to 249 mm SL for males (Table 1) . At a more global scale (Table 2) , female Pterygoplichthys spp. matured at smaller sizes in Guangdong Province relative to Taiwan, KwaZulu-Natal in South Africa, the southern US state of Florida, Michoacán-Guerrero in Mexico and the River Marikina, Philippines, whereas There was a positive correlation between M t and SL, and similar growth patterns were found across Guangdong drainages (Table 3) . Generalised condition varied amongst drainages, with the plumpest fish found in Jianjiang and the thinnest in Xijiang, and with specimens from the other three drainages having similar condition (Table 3) . Statistically, exclusion of a drainage as a random effect in the null model resulted in a slight improvement only (as indicated by AIC: Δ = 12.3), as this was due to the three vs. four degrees of freedom relative to the random effects model. For this reason, the latter model was retained as a better descriptor of the relationships between I G and SL across drainages (Table 4) . Overall, there was an increase (occurring at a similar rate) in I G at all drainages, even though Xijiang stood out for the higher I G values relative to SL (Figure 3 ).
Discussion
The widespread occurrence and presence of several mature individuals are evidence for the establishment of Pterygoplichthys spp. populations in most drainages of Guangdong Province. This might be attributed to the relatively warmer temperatures in that region, where mean temperature is 13.3 °C during Figure 3 . Relationships between the log of the gonado-somatic index (I G ) and standard length (SL) of Pterygoplichthys spp. across five major drainages of Guangdong Province (Beijiang omitted because of low sample sizes). For each drainage, the fitted linear relationship between I G and SL according to a mixed effects model (Table 2) is indicated together with the overall relationship across all drainages (grey line).
the coldest season (Guangdong Meteorological Service 2013). While only a few specimens were recorded further north in China, this suggests tolerance of Pterygoplichthys spp. to relatively low temperatures. Presumably, the distribution range of Pterygoplichthys spp. in China could expand further north, especially under future climate warming scenarios (e.g. Britton et al. 2010 ). Under such a scenario, abiotic habitat variables related to hydrology, connectivity and nutrient availability in China could facilitate dispersal and colonisation of Pterygoplichthys spp. at small geographical scales (cf. Sato et al. 2010 ). However, further investigation is needed to assess the potential for establishment of this non-native catfish beyond southern China.
Life-history traits of non-native fish can shift across native and invaded regions as an adaptation to local biotic and abiotic environments, allowing them to colonise new areas and ultimately expand their distribution ranges (Fox and Copp 2014; Masson et al. 2016 ). In the case of Pterygoplichthys spp. in Guangdong Province, inter-drainage variation in mean size at maturity was observed. For example, in the Rongjiang drainage, where the smallest female size at maturity was recorded, total phosphorous and nitrogen levels are elevated and accompanied by lower overall biodiversity and elevated water pollution levels (Li et al. 2013; H. Wei, unpublished data) . Pterygoplichthys spp. are expected to benefit from the environmental conditions (e.g. abundant food supply and low competition) found in this drainage. Life-history theory predicts that organisms mature later when faced with environmental stressors and earlier when encountering favourable conditions (Stearns and Koella 1986) . Pterygoplichthys spp. are known to mature at larger size in their invasive regions relative to their congener P. ambrosetti (88 SL mm) in the Amazon Basin (Garcia et al. 2014) . A possible cause may be greater availability of food resources during the wet season and presence of various predators, which may contribute to increased juvenile growth rate and decreased size at maturity (Abrams and Rowe 1996; de Mérona and Rankin-de-Mérona 2004; Nico 2010) . Similarly, variation in size at first maturity amongst invasive populations may be ascribed to different environmental conditions. For example, P. pardalis in Malaysia were reported to mature at a smaller size than in other non-native populations, and this has been attributed to the warmer and more stable water temperatures of the tropical rivers in that region (Samat et al. 2016) . On the other hand, a shorter invasion history in Guangdong Province, relative to other invaded regions, may explain the variation found in SL at maturity, since life histories of recentlyestablished invasive populations can be more variable than those observed in the species' native range (Bøhn et al. 2004) . For example, recently-established populations of introduced pumpkinseed Lepomis gibbosus in Europe were reported to invest more into reproduction than longer-established populations (Copp and Fox 2007) .
Body condition (or plumpness), which reflects foraging success and tolerance of environmental pressure, is a good predictor of fitness and ultimately affects reproduction (Jakob et al. 1996) . In the present study, the lower condition found in Xijiang drainage, where total phosphorous and nitrogen levels are lower, appears to reflect limited food resources relative to the other Guangdong drainages (Li et al. 2013; H. Wei, unpublished data) . By contrast, the higher condition value observed in Jianjiang drainage probably reflects the elevated temperatures and food supplies present in this more southerly drainage, which is characterized by moderate-to-high concentrations of total phosphorous and nitrogen (Li et al. 2013; H. Wei, unpublished data) . Overall, Pterygoplichthys spp. in China had generally higher (generalised) body condition values (Table 3 ) than in other invaded regions of the Northern Hemisphere, although these values may also have been affected by different sampling dates (Liang et al. 2005; Gibbs et al. 2008; Rueda-Jasso et al. 2013; Jumawan and Herrera 2014) .
Sampling for Pterygoplichthys spp. in the present study was conducted in summer and early autumn, when temperatures are favourably warm. Conversely, Pterygoplichthys spp. were sampled throughout the year in the other parts of its introduced range, where temperatures are known to be less favourable (i.e. lower) than in Guangdong Province.
While growth allocated to reproduction increased with female size (i.e. I G in relation to SL), this increase occurred at a similar rate in all Guangdong drainages. Also, I G was higher relative to female SL in Xijiang compared to other drainages, but this was likely due to smaller sample sizes. Whilst Gibbs et al. (2013) found a similar relationship between I G and female length in Florida, no such relationship was reported for Taiwan (Liang et al. 2005) . Overall, there seems to be a trend of increasing I G with increasing female length in these invaded regions, which potentially facilitates resource exploitation, predator avoidance and greater energy allocation to reproduction (Roff 1983; Auer et al. 2010) .
Although Pterygoplichthys spp. have been reported to be invasive in several countries, the present study is the first to report on their invasion biology in China. The results suggest that Pterygoplichthys spp. are "fully invasive" (sensu Blackburn et al. 2011 ) as the species have established self-sustaining populations in most drainages of Guangdong Province. Pterygoplichthys spp. are therefore very likely to expand its current range in China, facilitated by their ability to adapt to novel environments (Gibbs et al. 2008 (Gibbs et al. , 2013 . Further studies on Pterygoplichthys spp. are needed in China and elsewhere to investigate their rapid adaptation to novel environments, and this is of particular relevance with regard to predicted future climate conditions. In light of the extant, albeit limited, evidence of adverse environmental impacts exerted by Pterygoplichthys spp. (Capps et al. 2015) , it is recommended that national-level legislation be implemented to prevent and/or mitigate the release of this and other non-native fishes into the wild.
